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Abstract
A procedure is introduced to recognise sunspots automatically in solar full-disk photosphere images obtained
from Huairou Solar Observing Station, National Astronomical Observatories of China. The images are first
pre-processed through Gaussian algorithm. Sunspots are then recognised by the morphological Bot-hat
operation and Otsu threshold. Wrong selection of sunspots is eliminated by a criterion of sunspot properties.
Besides, in order to calculate the sunspots areas and the solar centre, the solar limb is extracted by a
procedure using morphological closing and erosion operations and setting an adaptive threshold. Results
of sunspot recognition reveal that the number of the sunspots detected by our procedure has a quite good
agreement with the manual method. The sunspot recognition rate is 95% and error rate is 1.2%. The sunspot
areas calculated by our method have high correlation (95%) with the area data from USAF/NOAA.
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1 INTRODUCTION
Sunspots are the most obvious phenomenon on the so-
lar surface with high magnetic fields. Researches have
shown they are evidently related to the solar cycle
and other solar activities (flare, filament, CME etc.)
(Wang et al. 2013). Sunspot properties (including size,
location, number, magnetic classification etc.) are usu-
ally applied to predict solar activities and monitor the
space environment (Du & Wang 2012). Therefore, ac-
quiring their properties is significative. Accurate recog-
nition is essential for extracting sunspots and then able
to acquire their properties. In early stage, it was man-
ually recognised (Steinegger et al. 1996), which is inef-
ficient and not real-time, could not deal with the sta-
tistically requirements for numbers of data and needs
to monitor space environment in real-time. Automatic
recognition with high precision is therefore expected.
Several methods have been proposed to recognise
sunspots. Zharkov et al. (2005) used edge-detection
method and a local threshold to find the sunspot can-
didates, and a median filter was employed to remedy
initial over segmentation of images. Curto et al. (2008)
applied erosion and eroded gradient transformation to
the detection of the solar limb, and then top hat op-
erator was used to obtain valley regions on the solar
disk. Watson et al. (2009) employed the morphological
operations and then an intensity threshold to obtain
candidates for the sunspot regions. Djafer et al. (2012)
adopted wavelet analysis to detect sunspots and the so-
lar limb on Ca II K1 Meudon images. Goel & Mathew
(2014) adopted a method called level set to detect and
track sunspots.
Huairou Solar Observing Station (HSOS) is one of
the key stations of the National Astronomical Observa-
tories, Chinese Academy of Sciences. It has been observ-
ing sunspots for many years (Zhang et al. 2007). One of
its telescopes can acquire the full-disk photospheric data
and vector magnetic fields at the same time. Recognis-
ing sunspots based on these data will provide sunspot
geometrical and magnetic properties, and is meaning-
ful for sunspot study. Thus, a procedure for automatic
recognition of sunspots in HSOS full-disk solar images
is expected.
A large number of above methods had been tested to
do with that, but did not work well in HSOS image.
This is mainly due to the following reasons: (1) affected
by ground atmosphere and with the limited diameter
of telescope, some sunspots umbra and penumbra in
the HSOS images are inseparable; (2) in the year of
2011, as the problem of the telescope, these are instru-
ment noises in HSOS images. Above methods do not
consider the interference by them. So in order to ex-
tract sunspots accurately from HSOS full-disk images,
we propose a new automatic recognition procedure, by
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which a catalogue of sunspot properties is expected to
generate.
This paper is arranged as follows: in Section 2, we
briefly introduce the data that are used. Related theo-
ries and tools are discussed in Section 3. In Section 4,
we give a detailed description of the procedure to iden-
tify the sunspots. We verify our procedure and make a
discussion in Section 5. The summary is in Section 6.
2 DATA
HSOS has been equipped a 10-cm full-disk vector mag-
netograph since 2006 that is able to measure full-disk
vector magnetic fields at Fe I 5324.19 A˚ and obtain pho-
tospheric images simultaneously. The image frame size
is 992×1004, with the pixel resolution of 2′ × 2′ and
spatial resolution better than 5 arcsec. Sunspots can be
observed in the images. Combined with the synchronous
vector magnetic field data, automatic identification of
sunspots can get their geometrical and magnetic prop-
erties.
3 RELATED TOOLS FOR SUNSPOT
RECOGNITION
Before introducing sunspots recognition procedure, the
related tools will be introduced first.
3.1 Mathematical morphology
Mathematical morphology is a tool for extracting im-
age components that are useful for representation and
description (Haralick et al. 1987). The basic idea is by
means of the structure of a certain morphology to mea-
sure and extract the corresponding shape of an im-
age. Compared with the differential operator to extract
edges, this method has following advantages: it is not
so sensitive to noise as differential operator, meanwhile
the recognised edges are smooth, continuous, and have
less breakpoints.
The two basic morphological set transformations are
erosion and dilation. These transformations involve the
interaction between an image I (the object of interest)
and a structuring set B, called the SE. A lot of other
morphological operations are derived from them. In the
following, erosion, dilation, closing, opening, and Bot-
hat transformation will be introduced.
(1) Erosion
To obtain the minimum grey value of the original
image I minus the one of the block B, erosion operation
is defined as follows:
I ⊖B = min{I(x+ x′, y + y′)−B(x′, y′)|(x′, y′) ∈ Db}.
Here Db is the neighborhood block.
(2) Dilation
Dilation is to obtain the maximum grey value of the
original image plus the one of block. It is defined as
follows:
I ⊕B = max{I(x− x′, y − y′) +B(x′, y′)|(x′, y′) ∈ Db}.
Here Db mean the same as in (1).
(3) Closing
Closing operation is a process of dilation followed by
erosion. It is defined as follows:
I •B = (I ⊕B)⊖B.
It is employed to fill small holes, with objects connect
the adjacent objects and smooth the boundaries of the
images.
(4) Opening
Opening generally smooths a contour in an image,
breaking narrow isthmuses and eliminating thin pro-
trusions. It is defined as follows:
I ◦B = (I ⊖B)⊕B.
(5) Bot-hat transformation
Bot-hat transformation is a subtraction of the origi-
nal image and the closing image, it is defined as follows:
T = I − (I ⊕B)⊖B
T shows a grey valley in the original image, and high-
lights the boundaries between connected objects. It is
able to extract dark pixels from a bright background.
3.2 Otsu algorithm
Otsu algorithm is a way to search an adaptive thresh-
old, proposed by Otsu (1979), whose idea is to divide an
image into two parts: background and objective with a
sharp discrepancy. The more different the two parts are,
the sharper the discrepancy is. Part of the objectives
wrongly divided into the background will make the dis-
crepancy smaller. Therefore, the sharpest discrepancy
means minimum probability of erroneous division. The
calculation principle is as follows.
Now suppose that we dichotomise the pixels of the
image I(x, y) into two classes (objects and background)
by a threshold T , the objects and background pixels
numbers are N1 and N2, respectively. The image size is
indicated byM ×N , the percentage of the objects pixel
number is ω1, the percentage of the background ones is
ω2, then we can easily verify the following relation:
ω1 =
N1
M ×N
(1)
ω2 =
N2
M ×N
(2)
N1 +N2 =M ×N (3)
ω1 + ω2 = 1 (4)
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ω1 and ω2 are the objects and background area proba-
bilities, respectively (Sezgin et al. 2004).
The objects and the background average grey values
are shown by µ1 and µ2, respectively. The image average
grey value is then by µ
µ = µ1 × ω1 + µ2 × ω2. (5)
It is the total mean level of the original picture.
g is given by
g = ω1 × (µ− µ1)
2 + ω2 × (µ− µ2)
2. (6)
It represents the variances between objects and back-
ground.
Substituting Equation (5) into (6) gives
g = ω1 × ω2 × (µ1 − µ2)
2. (7)
Iterating all possible pixel values at the threshold T ,
the value which makes g the biggest will be the result.
4 RECOGNITION PROCEDURE
After the introduction to the above tools, sunspot recog-
nition procedure based on them could be described.
In order to recognise sunspots and calculate their pa-
rameters (sunspot areas, position and so on), two steps
are carried out. In the first step, the solar limb is ex-
tracted from the solar disk and the solar centre and
radius are fixed. In the second, to recognise sunspots,
morphological Bot-hat operation and local threshold
are employed. Over segmentation of sunspots is elim-
inated by limitation in sunspot properties.More details
are introduced in the following sections.
4.1 Extraction of solar limb
To calculate sunspot positions and areas on the solar
disk, we must determine the solar centre and radius.
This is achieved by extracting the solar limb. A proce-
dure based on a morphological method and Otsu algo-
rithm is designed. The steps are as follows (Figure 1):
(1) The first step is to remove sunspots and noises on
the solar disk to get a clean solar disk. This is achieved
by applying a closing operation (first dilation then ero-
sion) with a structuring element (SE) to the original im-
age in Figure 1(a). When this SE is larger than sunspots
and noises, the closing operation will be able to remove
them. The biggest sunspot in hundreds of images is cho-
sen, and its radius calculated to be 30 pixels, so the SE
radius is set to be 30. Then a clean solar disk is gotten
in Figure 1(b).
(2) The second step is to shrink the solar disk in Fig-
ure 1(b). To do this, an erosion operation is employed
by using an SE. This SE radius is set to be 1 pixel so
as to make the radius of the solar disk 1 pixel smaller,
then a shrunk solar disk is shown in Figure 1(c).
(3) To get the solar limb, Figure 1(c) is subtracted
from Figure 1(b) and 1(d) is gotten.
(4) The following step is to get the pixel position
of the solar limb. Otsu algorithm is applied to segment
Figure 1(d), and a binary image is gotten in Figure 1(e),
on which the white pixels are the position of the solar
limb.
(5) In Figure 1(e), some CCD noises often exist near
image border. In order to separate them from the solar
limb, a criterion is made, that is as follows: Figure 1(e) is
set to I, and its size isM ×N , a pixel in the image is set
to I(x, y), if (N
2
− y)2 + (M
2
− x)2 > M2, then I(x, y) =
0. Then CCD noises will be removed from Figure 1(e).
(6) In the final step, the white pixel positions in Fig-
ure 1(e) are extracted and saved for X and Y arrays,
then least square fittingmethod is used to arrays X and
Y to create a circle which is considered to be the solar
limb. It is labelled with red colour and overlapped on
the original image shown in Figure 1(f).
4.2 Recognition of sunspots
Once the solar limb is extracted, we can recognise the
sunspots in its interior. Due to the limited resolution of
data, the sunspot umbra and penumbra could not be
separated in HSOS images, so they will be treated as a
whole in the processing. The recognition of sunspots is
achieved by the following steps (Figure 2):
(1) Pre-processing: the method in Wang et al. (2008)
is employed to pre-process the original image and Fig-
ure 2(a) is gotten.
(2) The second step is to get the gradient of the
boundaries of sunspots and noises on Figure 2(a). First,
a closing operation with the SE radius of 30 pixels is ap-
plied in Figure 2(a), which is larger than the radiuses of
sunspots and noises so as to remove them, the definition
of this SE is the same with the method in the first step
of Section 4.1, and a clean solar image in Figure 2(b)
is available. Then Figure 2(a) is subtracted from Fig-
ure 2(b), the gradient is shown in the resulting image
of Figure 2(c).
(3) The third step is to separate the gradient of
sunspots from noises in Figure 2(c). Here, the defini-
tion of threshold is the key, it depends on the darkness
of Figure 2(c). By tests and statistics, the suitable value
is 20% of the intensity range of Figure 2(c). But due to
solar limb darkening, the sunspots gradient is lower at
the solar limb, we make this threshold smaller to be
15% on the region of 0.8R of the solar disk (R repre-
sents the solar radius). Then sunspots candidate regions
are gotten in Figure 2(d).
(4) The final stage is to acquire sunspots from can-
didates in Figure 2(d). We consider the candidates as
verified sunspots in which the difference between the
max grey value of a pixel and the min one is bigger
than 5, and other regions are discarded.
PASA (2018)
4 Cui Zhao et al.
(a) (b) (c)
(d) (e) (f)
Figure 1. A sample of the solar limb extraction in HSOS full-disk photospheric images: (a) the original image; (b) the clean image;
(c) the image shrunk of the solar disk, the radius is 1 pixel smaller than that in (b); (d) the solar limb shown in grey image; (e) the
solar limb shown in the binary image; (f) the solar limb labelled in red and overlapped on (a).
(5) The sunspots are labelled in red and superim-
posed on the original image. The result is shown in Fig-
ure 2(e).
4.3 Sunspots recognition in images with
instrument noises
As mentioned in the first paragraph, the instrument
noises which appear in HSOS images make the previous
methods not work well. So this procedure is used to
test the effect of the recognisation of the sunspots. The
result is shown in Figure 3, in which we can see the
procedure performs well for these images.
5 VERIFICATION AND DISCUSSION
Two methods are adopted to verify the accuracy of the
procedure. The first is to detect sunspots by our auto-
matic procedure and manual method separately based
on the existed data set, and make a comparison between
them. The second is to compare two different data sets
taken in the same period, we calculate the correlations
of the sunspot areas taken from them by the automatic
procedure. More details and results are given below.
5.1 Accuracy of automatic procedure
compared with manual
Sunspot number is a basic index to reflect the level of
solar activities, and is a suitable vehicle to assess the
accuracy of our procedure (Hoyt & Schatten 1998). In
our case, the data set is from HSOS photospheric images
from November 2011 to December. The automatic and
manual methods are adopted separately to calculate the
sunspot numbers automatically and count them manu-
ally. Two results are listed in Table 1. The first column
of the table shows the date of taking the images, the
second column the number of sunspots counted by the
manual method in an image, the third column the num-
ber of sunspots done by our automatic procedure, the
fourth column is false rejection rate FRR (the number
of sunspots detected by the manual but not by the au-
tomatic), and the last column is false acceptance rate
FAR (the number of sunspots detected by the automatic
but not by the manual).
In the process of manual recognition, small sunspots
are easily missed due to limited seeing condition. To
avoid this, the images of SDO/HMI are used as refer-
ence to ensure small sunspots to be detected.
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(a) (b) (c)
(d) (e)
Figure 2. The procedure of sunspot recognition in HSOS full-disk photosphere images: (a) the original image; (b) the clean image;
(c) the gradient on the image; (d) the binary image showing sunspots candidates; (e) recognised and superimposed sunspots on the
original image.
In the last row of the table, we sum the total sunspot
numbers recognised by manual and automatic method
respectively, and the total FRR and FAR.
Then we define the recognition rate as follows:
sum of the automatic method − sum of the FAR
sum of the manual method
=
388− 5
403
= 95%,
and the error rate as follows:
sum of the FAR
sum of the manual method
=
5
403
= 1.2%
Analysing the sunspots which the automatic method
detected but the manual did not, it may be caused by
tiny dust or noises, such as instrument noise. The rea-
sons why the sunspots can be detected by the manual
but not by the automatic are mainly the following:
(1) For some adhesive sunspots, the manual method
will deal with them as separated ones, but the auto-
matic method regards them as one; (2) in our recogni-
tion procedure to remove noises, the criterion we set is
a region whose difference between maximum grey and
minimum one is larger than 5 of being a sunspot. This
works well in most cases, except a few cases in which
some small sunspots are still missed.
We calculate the diameters of the sunspots which are
missed by the automatic method, the diameter calcula-
tion formula is
d =
√
s/pi
R
× 180 ◦
where s is the sunspot area,R is the solar disk radius ac-
quired by the automatic solar limb detection program,
and d the sunspot diameter in units of degree.
The result is shown in Table 2. From the table, we can
see their diameters are all less than 2 ◦, which means
they are weak sunspots on the solar disk which have
little impact on the level of solar activities.
5.2 Verification with USAF/NOAA
Sunspot area is an important indicator of the solar ac-
tivity level (Carbonell & Ballester 1992), which is asso-
ciated with the solar cycle and significant in space en-
vironment monitoring. To further verify the automatic
method, we make use of the sunspot area data in this
paper.
Figure 4 shows the comparison of the daily sunspot
areas extracted by the automatic method from HSOS
images during the period of 2006C-2012 with those
PASA (2018)
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(a) (b) (c)
(d) (e)
Figure 3. (a) The original image disturbed by instrument noises; (b) the clean image without sunspots; (c) the gradient on the image;
(d) the binary image showing sunspots candidates; (e) recognised and superimposed sunspots on the original image.
available as TXT files at the USAF/NOAA. The hor-
izontal axis represents the date of taking images, the
vertical the sunspot area, in units of millionths of a so-
lar hemisphere (µHem). Due to the maintenance of the
instrument from August 2009 to November 2010, HSOS
data are blank.
From Figure 4, we can see that USAF/NOAA and
HSOS have the same tendency, with the correlation co-
efficient of 95% shown in Figure 5. This is a high ac-
curacy of recognition which could prove the procedure
works well.
To analyse the difference between Figure 4(a) and
4(b),we find the discrepancy is caused by a few fac-
tors: first, some instrument noises indistinguishable
from smaller sunspots lead to false identification; sec-
ond, atmospheric interference to HSOS images makes
the sunspots border more indistinct; finally, although
we choose and compare the images of HSOS and
USAF/NOAA in the same days, their collection time
may be different that the sunspot morphology may
somewhat change.
5.3 Enlarge the recognised sunspots
In order to show the detection result, some sunspots
are selected randomly and recognised. The detected ar-
eas are zoomed and compared with the original images,
they are shown in Figure 6. From the figure ,it seems
that the sunspots are recognised accurately.
6 CONCLUSION
A procedure for recognition of the sunspots in full-disk
photospheric solar images of HSOS is introduced. It
adopts Gaussian algorithm to smooth the images at
first. Then the sunspots are recognised through the
morphological Bot-hat operation with a local threshold.
Wrong selection of sunspots is eliminated by a criterion
of limiting sunspot properties. Besides, the morpholog-
ical operations and Otsu algorithm are used to extract
the solar limb, which is helpful to calculate sunspot ar-
eas. Compared with the manual method, the recogni-
tion rate is 95%, the error rate is 1.2%. The correlation
between USAF/NOAA and HSOS sunspots areas is in a
good agreement (95%). The advantage of this procedure
is that it is appropriate to detect sunspots for lower res-
olution images, particularly the images associated with
instrument noises.
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Table 1 The accuracy of sunspot recognition by the automatic procedure in comparison with manual one.
Date number of spots number of spots FRR FAR
(manual method) (the automatic method)
2011-11-2 10 9 1 0
2011-11-6 12 12 0 0
2011-11-7 17 17 0 0
2011-11-9 15 15 0 0
2011-11-10 15 15 0 0
2011-11-11 18 18 0 0
2011-11-12 15 14 1 0
2011-11-14 15 15 0 0
2011-11-18 11 8 3 0
2011-11-19 9 8 1 0
2011-11-20 13 12 1 0
2011-11-21 9 7 2 0
2011-11-22 13 12 1 0
2011-11-23 11 10 1 0
2011-11-25 14 13 1 0
2011-11-30 17 17 0 0
2011-12-1 12 10 2 0
2011-12-3 14 12 2 0
2011-12-4 22 24 0 2
2011-12-7 12 12 0 0
2011-12-8 11 11 0 0
2011-12-9 7 7 0 0
2011-12-10 8 8 0 0
2011-12-12 3 4 0 1
2011-12-14 5 4 1 0
2011-12-15 4 4 0 0
2011-12-16 5 5 0 0
2011-12-19 11 11 0 0
2011-12-20 6 6 0 0
2011-12-21 10 9 1 0
2011-12-22 10 11 0 1
2011-12-23 9 9 0 0
2011-12-24 6 5 1 0
2011-12-25 8 8 0 0
2011-12-26 10 10 0 0
2011-12-28 9 8 1 0
2011-12-31 7 8 0 1
SUM 403 388 20 5
FRR: the number of sunspots detected by the manual but not by the automatic.
FAR: the number of sunspots detected by the automatic but not by the manual.
In the next step, we will focus on improving the accu-
racy of recognition. A new sunspot property database
will be expected and released on web site, which will be
helpful for a study of the solar activity.
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Table 2 Diameter of sunspots not recognised by our automatic method.
Unrecognized sunspot number Diameter
1 1.99
2 1.24
3 1.95
4 0.98
5 1.05
6 1.67
7 1.00
8 0.87
9 1.77
10 1.39
11 1.39
12 1.61
13 1.45
14 1.54
15 1.15
16 1.01
17 1.05
18 0.98
19 1.01
20 1.48
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Figure 4. (a) Sunspot areas provided by USAF/NOAA in 2006–2012; (b) sunspot areas extracted from HSOS by the automatic method
in 2006–2012.
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Figure 5. Correlation between USAF/NOAA and HSOS sunspots areas.
Figure 6. Enlarge the recognised sunspots: the first line shows the original image of sunspots; the second line shows the zoomed
detected areas.
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